An analytical method using a liquid chromatograph combined with a simple online column switching sample pre-treatment system was developed for the determination of 1-hydroxypyrene (1-HP) in urine. This compound is the metabolite of pyrene and is used to assess the exposure of workers to polycyclic aromatic hydrocarbons (PAHs). After enzymatic hydrolysis, a urine sample was directly injected into a high-performance liquid chromatograph (HPLC) where it automatically underwent a sample cleanup using a column switching device. The procedure is simpler than previous methods because it uses only one switching valve, one extraction column and one HPLC pump. The analyte was retained on a short extraction column and after interferences were eluted to waste, was subsequently switched onto the analytical column. This allowed a short analysis time of 15 min. The calibration graph was found to be linear within the concentration range of 0.5 to 20 mg/L with a coefficient of determination exceeding r 2 5 0.99. Recoveries were found to be greater than 96% in the range 1 to 10 mg/L with intermediate precision of 2.5 to 5.8% relative standard deviation. This online method was verified by a comparison with an existing manual method by the analysis of 81 urine samples from workers exposed to PAHs and showed that the test results from both methods were in agreement with a probability obtained from the paired Student's t-test of P > 0.76. The proposed online method was found to be simple, fast and suited to routine analyses of 1-HP in urine for the assessment of occupational exposure to PAHs.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a group of compounds formed by incomplete combustion of organic matter. The chemical structure of the compounds consists of two or more fused aromatic rings. They are found in many workplaces, including oven coking plants, foundries, asphalt road making and soil remediation sites. Many PAH compounds exhibit carcinogenic properties (1) .
The metabolite of pyrene, 1-hydroxypyrene (1-HP), is widely recognized as the biological marker to assess exposure to PAHs (2) . This metabolite is used because pyrene is usually present in most mixtures of PAHs and can therefore be utilized as a marker of this chemical group (3, 4) . The metabolic pathway is shown in Figure 1 . Other PAH compounds that have been investigated as biomarkers have multiple metabolites resulting in very low levels being found in exposed workers' urine. Research has shown that these low levels do not correlate reliably with the exposed air concentrations and are therefore difficult to interpret (5) . The use of these other PAH metabolites as biomarkers is still under consideration by the primary national occupational health agencies and has not been adopted at present. Pyrene, on the other hand, has only one metabolite and thus allows a higher concentration to be found in the urine of exposed workers and correlates with exposed air concentrations (3 -5) . The Health and Safety Executive in the United Kingdom has adopted a biological monitoring benchmark value for 1-HP of 4 mmol/mol creatinine in urine (6) . At present, there has been no other biological monitoring benchmark value adopted for any other metabolite by any other national agency.
Traditionally, the analysis of 1-HP has been performed by using manual clean-up procedures involving solid-phase extraction or liquid-liquid extraction. These methods tend to be very time consuming (6) (7) (8) . This has led to a number of methods being developed based on online cleaning (9 -12) . However, these methods usually involved the use of multiple switching valves and multiple high-performance liquid chromatography (HPLC) pumps in a complicated arrangement to achieve the analysis (9 -11) . This paper shows a simplified configuration of one switching valve and one HPLC pump that most routine analytical laboratories can implement. The analysis time is also considerably reduced to enable a more cost-effective procedure that is applicable for routine monitoring of exposure to PAHs.
The extraction column used contained a novel packing material to extract the metabolite from the urine matrix. Known by its commercial trade name as the Waters Oasis hydrophilic-lipophilic balanced (HLB) column, this material has both hydrophilic and lipophilic properties due to the N-vinyl pyrrolidine and divinylbenzene co-polymer structure (13) . It allows the use of a high aqueous percentage of the mobile phase and also gives enhanced retention of polar analytes. This type of packing is an improvement on the traditional reverse phase packings normally employed in this type of analysis. It has a very high adsorption capacity that allows the use of a short extraction column length (13 -19) .
This paper presents a fast and simple analytical method for the determination of 1-HP in urine to assess occupational exposure to PAHs.
Experimental
Chemicals and reagents 1-HP, 1-naphthol, b-glucuronidase (Type H-2, from Helix pomatia), 1-naphthyl b-D-glucuronide sodium salt, glacial acetic acid and sodium acetate were obtained from Sigma-Aldrich (St. Louis, MO). HPLC-grade solvents such as methanol and acetonitrile were purchased from Lab-Scan Asia Co. (Patumwan, Bangkok, Thailand). All aqueous solutions used distilled water that was further purified using a Millipore Simplicity deionizing system (Bedford, MA). ClinChek-Control urine quality control (QC) Levels I and II (Cat #8869 Lot 637) were obtained from Recipe Chemicals & Instruments (Munich, Germany).
Instrumentation and equipment
A Waters Alliance 2795 HT system HPLC was used with a Waters 2475 fluorescence detector at excitation wavelength (l ex ) 242 nm and emission wavelength (l em ) 388 nm. A Rheodyne lab Pro six-port two-position switching valve was obtained from Waters Australia. A Waters Australia 25 mm Oasis HLB extraction cartridge (2.1 Â 20 mm) and a 5-mm SunFire C18 (4.6 Â 250 mm) analytical column were used for the analysis. The extraction column was used at room temperature ( 228C) and the analytical column temperature was held at 308C. The injection volume was 50 mL.
Analysis procedure
The urine sample first underwent enzyme hydrolysis with b-glucuronidase enzyme. This was achieved by taking 2.5 mL of urine and equally diluting it with 0.1 M sodium acetate pH 5 buffer and adding 65 mL of 10% of b-glucuronidase enzyme in water. The sample was then placed in a water bath at 608C for 3 h to completely hydrolyze the conjugated 1-HP metabolite.
A portion of the hydrolyzed urine was then transferred into HPLC vials for analysis.
Switching column procedure
As shown in Figures 2A and 2B , the HPLC Waters Alliance 2795 HT was configured with a six-port two-position switching valve and an Oasis HLB extraction column. The hydrolyzed urine sample was injected onto the extraction column in the load position. A polar mobile phase of 90% of 0.1% acetic acid solution and 10% acetonitrile was used to load the sample onto the column at a flow rate of 1.5 mL/min for 1 min. This allowed the 1-HP metabolite to be retained while the relatively polar matrix components were eluted to waste.
A gradient of the mobile phase was commenced at 1.01 min, which increased the acetonitrile content to 40% to further elute to waste any weakly retained sample components from the extraction column. At 2.01 min, as shown in Figure 2B , the switching valve was switched to elute position, the flow rate was reduced to 1.0 mL/min and the composition of acetonitrile in the mobile phase was further increased to 90%. The retained 1-HP was then eluted in the reverse direction onto the analytical column. The acetonitrile content of the mobile phase was kept at 90% until 12.0 minutes to elute the 1-HP at a retention time of 5.5 min. After 12.01 min, the gradient was decreased back to 10% of acetonitrile and the switching column was switched into the load position to prepare for the next sample injection. The mobile phase and column switching procedure is shown in Table I .
Calibration, recovery tests and precision A 1-HP calibration standard of concentration 50 mg/L was prepared in acetonitrile and used as the stock for the preparation of six calibration standards in blank urine with concentrations in the range from 0.5 to 20 mg/L. The detection limit was determined by serially diluting known standards and analyzing them on the instrument to a level of a signal-to-noise (S/N) ratio of three. Recovery and precision of intra-day (within-day repeatability; n ¼ 6) and inter-day (between-day intermediate precision; n ¼ 6) were determined by replicate analysis of a spiked pooled urine sample. These experiments were conducted at three levels by the addition of 1-HP to blank urine samples before enzymatic hydrolysis to give the concentrations of 1.03, 2.06 and 10.3 mg/L 1-HP. The enzymatic hydrolysis efficiency was determined by measuring the recovery of 1-naphthol form a solution of 200 mg/L of 1-naphthylb-D-glucuronide.
Method comparison
The online analysis method was compared to the more traditional manual method of Hansen et al. (20) . This manual method is briefly described in the following. Both procedures used the same urine samples after undergoing the enzyme hydrolysis step. The comparison method used a manual solidphase extraction approach using Sep-Pak Vac RC C18 cartridges (Waters Corporation, Milford, MA). They were first pre-conditioned with 2.5 mL of methanol and 2.5 mL of water and allowed to elute under gravity so the void volume of the tubes remained wet. The hydrolyzed urine samples were then loaded onto the columns and allowed to elute at a rate of approximately 1 mL/min. The cartridges were then washed with 10 mL of 5% methanol under vacuum and allowed to dry. The retained metabolite was then eluted with 5 mL of 90% of acetonitrile into a test tube. A portion of the eluent was then transferred to an HPLC vial for chromatographic analysis. The quantification of the 1-HP was performed with the same instrument as for the online switching method with the same fluorescence detection parameters. The comparison method used the Alltima C18 HPLC column for separation obtained from Grace Davison Discovery Sciences (Deerfield, IL) (250 Â 4.6 mm i.d., particle size 5 mm). The column temperature was held at 308C. The injection volume was 50 mL. An isocratic mixture of acetonitrile -water 70:30 was used as a mobile phase at a flow of 1.0 mL/min.
Commercial quality control samples
Quality control checks for 1-HP were performed using a commercially available ClinChek-Control. The two levels had a given mean and range as follows: Level I mean, 3.4; range, 2.2 -4.6 mg/L and Level II mean, 18; range, 13-23 mg/L. The mean and ranges were established in independent reference laboratories under the supervision of the Institute and Out Patient for Occupational, Social and Environmental Medicine of the University Erlangen-Nuremberg, Germany.
Results and Discussion

Optimization of column switching program
The application of the switching valve has several advantages, including a relatively easy setup, simple programming and short analysis time. A simple timed event activated by the Waters Alliance 2795 HT system and the Empower operating software was used to trigger the valve switching.
The effectiveness of online cleaning is illustrated in the chromatograms in Figure 3 . Because most of the salts and other very polar compounds in the hydrolyzed urine sample were flushed away to waste, the 1-HP metabolite was retained on the extraction column, together with other compounds of similar properties to 1-HP. These compounds were then backflushed onto the analytical column. Figure 3 also shows 1-HP eluting at 5.5 min after the major impurity peaks at 4.4 and 4.8 min and before the minor peak at 6.5 min. A sharp 1-HP peak is achieved due to the application of 90% acetonitrile in the mobile phase. This gradient program also helps to wash any late eluting, less polar compounds from the analytical column before the next injection. Good separation between the major impurity peak and 1-HP peak was achieved.
In the proposed configuration, the use of backflushing has the advantage of extending the lifetime of the extraction column and giving a sharper peak of the analyte, unlike forward elution (19) . The use of a 50 mL injection volume added to extending the life of the extraction column and produced good sensitivity for the analysis. The lifetime of the macroporous copolymer Oasis HLB extraction column exceeded 300 injections during method development without any performance degradation.
Calibration curves and detection limit
A calibration curve was constructed from 1-HP standards in blank urine and was found to be linear with a coefficient of determination (r 2 ) greater than 0.99 over the range of 0.5 to 20 mg/L. This calibration range was used because it is not uncommon to find this level of 1-HP in the urine of workers exposed to PAHs (7). The detection limit for 1-HP was estimated at 0.020 mg/L (S/N ¼ 3) using a 50 mL injection volume.
Recovery and precision
To determine the accuracy of the present method, known concentrations of 1-HP were added to the urine samples before undergoing enzymatic hydrolysis. The analytical within-day repeatability, between-day intermediate precision and recovery data of 1-HP are shown in Table II .
The within-day repeatability, between-day intermediate precision and recovery were determined at three concentrations of 1-HP: 1.03, 2.06 and 10.3 mg/L. These were analyzed on six separate occasions with six measurement replicates. The percent relative standard deviations (RSD%) for the within-day repeatability were 4.9, 3.1 and 1.7% for the low to high concentration levels, respectively. The results show very good repeatability over the investigated concentration range. Workplace survey A workplace survey was undertaken of an Australian aluminium smelter to determine the exposure of 81 workers. A histogram of the log-normal distribution is shown in Figure 4 . Test results below the level of detection were given a value of half the detection. The log-normal distribution gave a geometric mean of 2.46 mg/L and geometric standard deviation of 3.57 mg/L.
Comparison between manual offline and proposed automated online methods The proposed automated online method was compared to the manual offline method by analysis of 81 workers' urine from an Australian aluminum smelter. The analysis test results for 1-HP are shown in Figure 5 . The resulting regression equation was y ¼ 0.986x þ 0.096 and the coefficient of determination was r 2 ¼ 0.997. The slope of the regression curve had a confidence interval of +0.16 and the intercept confidence interval of +0.139 at 95% probability, which includes the both the theoretical slope of unity and intercept of zero. This demonstrates that both methods give similar results and that no marked systematic effects exists between them. A paired Student t-test at 95% significance was also undertaken and showed that there is no significant difference between the two series of analytical test results, t ¼ 0.30 and the critical t-value of t 0.05;80 ¼ 1.99 (n ¼ 81) giving a probability of P . 0.76 (21) .
Commercial quality control checks
The method was also verified against two commercially available quality control samples (ClinChek-Control) at different concentration levels. The recovery and precision for the quality control samples were found to be 101% for Level I with an RSD% of 16% (n ¼ 8) and 88% for Level II with an RSD% of 9%.
Discussion of 1-HP online HPLC methods
The determination of urinary 1-HP using the column switching technique has been previously described in several papers (9) (10) (11) (12) . Table III compares the present work with two other research papers (9, 10) . The method proposed by Kuo et al. (10) used 20 mL of diethyl ether to extract 1-HP from a 10-mL hydrolyzed urine sample. The use of such a solvent is outdated due to obvious occupational health and safety reasons and the growing concerns of green chemistry. Kuo et al. then needed to employ an additional step of concentrating the extract to gain sufficient sensitivity for the required detection limit. This extra step is cumbersome and does not easily lend itself to routine analysis of a large batch of samples.
Simon et al. (9) presented a complicated configuration of three switching valves, two extraction columns and two HPLC pumps. The cost of this setup would be substantial with very little gain. They also find it necessary to dilute the hydrolyzed urine sample ten times with a methanolic solution of Trion X-100. One can only presume this additional step was necessary to avoid sample carryover in such a complicated reticulation system. By contrast, the proposed analytical method used a smaller sample volume and after hydrolysis, directly injected an aliquot into the online system without any further treatment of the sample. This was achieved by using only one switching valve, one extraction column, one HPLC pump and a new HLB sorbent, Oasis HLB, instead of the traditional reversed-phase Figure 5 . Comparison of the determination of 1-HP in urine by the manual offline analytical method to the automated online analytical method. Simon et al. (9) , at concentrations of 1, 4 and 10 mg/L, the RSD% were less than 3% for the withn-day repeatability and less than 4% for the between-day intermediate precision. The proposed method obtained average recoveries at concentration levels of 1.03, 2.06 and 10.3 mg/L of 109.4, 105.1 and 96.4%, respectively under repeatability conditions. At the same concentration levels, the within-day repeatability was found to be 4.9, 3.1 and 1.7%. The between-day intermediate precision was found at the same concentration levels to be 5.8, 2.5 and 4.8%. The recovery and precision data show that the proposed method is comparable to the other two methods and is sufficient to give accurate test results for routine monitoring of PAH exposure.
Conclusions
The presented analytical method offers a rapid, sensitive and reliable chromatographic analysis for the quantification of 1-HP in urine at concentration levels down to 0.020 mg/L. The overall recovery values for 1-HP were in the range of 96.4 -109.4% and the overall precision values for 1-HP were in the range of 1.7 -4.9%. The proposed automated online technique utilizes a six-port switching valve with an Oasis extraction column in combination with an analytical column. The setup of the valve is simple. The Oasis extraction column showed good durability, exceeding 300 injections of 50 mL volume without a loss of performance. The proposed technique was automated by standard instrument software control and gave a short run time of 15 min. The sample preparation is substantially reduced by excluding any offline extraction and enrichment steps. A considerable number of samples can be easily be analyzed in one batch. The proposed method is therefore applicable to routine analysis and sensitive enough to determine occupational exposure to PAHs.
